Abstract. -Dielectric loss (DL) and thermally stimulated depolarization measurements (TSD) on MgO : Li crystals, thermochemically treated at 1 400 K in oxidizing atmospheres, have been used to investigate the evolution of microgalaxies or semiconducting inclusions with a high [LiI0 center content. The inclusions are filamentary in natbre, evidently forming along edge dislocations. Analysis of DL and TSD data yield the saturation polarization, the ratio of major-to-minor axes of the inclusions treated as prolate spheroids and the volume fraction occupied by the inclusions. These together with the 1.83 eV [~i ] ' optical absorption band are compared for crystals heated in static air and in pure flowing oxygen. The large difference between the two atmospheres indicates that the effective oxygen partial pressure plays an important role in the time evolution of the inclusions. It is suggested that the very rapid introduction of semiconducting inclusions throughout the bulk is due to pipe diffusion of oxygen (or cation vacancies) along edge dislocations and rapid diffusion of interstitial Li' .
Annealing of MgO : Li+ crystals in a n oxidizing atmosphere above 1 150 K followed by quenching to room temperature introduces stable [LiI0 centers [I] . This center is a charge-compensated ([o=-Li+-0 -I ) , < 100 > axial complex which yields a hole upon thermal o r optical ionization. Hence the [LiI0 is a n acceptor introduced by the thermochemical treatment. It was previously identified in MgO : Li+ crystals exposed t o X-or y-rays by ESR [2] or ENDOR [3] and, more recently, magnetic circular dichroism measurements [4] o n annealed crystals confirm the previous suggestion [5] that the 1.83 eV optical band, half-width -0.5 eV, is associated with [LiI0. The radiation-induced centers become thermally unstable losing holes near 220 K which then recombine with trapped electrons. From both isochronal anneals and glow,-peak analysis, the ionization energy is estimated t o be -0.6 eV.
Thermally stimulated depolarization (TDS) and dielectric loss (DL) measurements on crystals containing stable [LiI0 reveal a n exceptionally large bulk polarization which indicates a Maxwell-Wagner relaxation within isolated conducting inclusions rather than a Debye-like dipole reorientation 161.
The magnitude of the loss tangent at the peak (tan 6 > 1) is too large t o arise from spherical inclusions and suggests a filamentary structure. The SillarsVan Beek [7] analysis of Maxwell-Wagner relaxation for prolate spheroids shows the major-to-minor axis ratio R is typically -100 for moderate annealing times. Such a n elongated structure suggests that dislocations are somehow involved. Recently, Orera et al. [8] have found both positive and negative dislocation-decoration effects depending upon whether MgO : Li+ crystals were deformed before o r after therrnochemical treatment.
Both TSD curves and D L vs. frequency curves [6] are consistent with a temperature dependent relaxa- The behavior of the various parameters for the SA case is shown in figure la. Log time is chosen as the abscissa to show the initial behavior. The axial ratio R declines from the first point of 600 s annealing time as does the saturation polarization. The value of a passes through a maximum near 2 000 s and then declines showing recovery late in the anneal, whereas the volume fraction V occupied by the inclusions increases gradually throughout. For FO annealing the same general trends are observed but the changes are much less drastic and the time scale is shifted. Comparison of the effect of annealing under SA vs. FO conditions suggests that in the former, though the polarizable inclusions are rapidly established, there is insufficient oxygen present to supply the holes necessary to sustain the [LiJo center density and inclusion shape necessary to maintain the high initial polarization. Evidently, holes are lost to slowly developing, more stable structures Femote from the dislocations so that the filamentary inclusions either shorten or fragment, drastically reducing R at long annealing times.
FO annealing on the other hand results in a much more stable inclusion structure and only at long annealing times do the values of R and A begin to decline. The gradual increase in both A and V suggests that the filaments are indeed growing fatter. The final consequence of such a growth would be merging of inclusions with loss of polarization. However, it is too early to say whether such an, effect is responsible for the slight loss in A a t the longest anneals. The variation in a may well be due to extinction effects because of the high local [LiI0 concentrations in the inclusions. These results are in general agreement with those of Chen et al. who used different oxygen partial pressures in a flowing gas mixture.
The most striking aspect of these results is the rapid initial formation of the semiconducting inclusions throughout the bulk of the crystal. As can be seen from figure Ib the polarizable inclusions are well established after only a 90 s FO anneal. To account for this behavior we propose the following sequence of events : (1) Li20 precipitate particles begin to dissolve at and above -1 200 K. We postulate that interstitial Li', Li:, migrates rapidly but dissolves substitutionally in Mg2+ sites. In effect the Li: is the agent maintaining equilibrium between the Li20 and the Mg2+ vacancies with which it interacts. This behavior is analogous to the migration and dissolution of copper and gold in germanium and s licon except for the additional requirement of charge balance. Boldu et al. [9] have shown that charge balance is provided by oxygen absorbed on or taken into the crystal.
The next question concerns the origin of the cation vacancies which capture L,' ,. Evidence of dislocation involvement suggests that pipe diffusion along edge dislocations may be the access for oxy-gen. A peculiar kind of dislocation climb can be induced by oxygen atoms in the dislocation core, each releasing two holes and a Mg2+ vacancy. The latter will not migrate far from the dislocation before capturing a I& and a hole to form a [~i ]~. The remaining hole can migrate to the Li20 precipitate restoring charge balance so that the process can be repeated. The driving force is the availability of oxygen in the dislocation core, and hence the partial pressure of oxygen in the gas, since the energy required to form a charge compensated [LiI0 center is much smaller than that necessary to form an uncompensated Mg2+ vacancy. Another mechanism which would have the same chemical consequence as oxygen pipe diffusion is the surface absorption of oxygen followed by the release of two holes and a cation vacancy which enters the crystal along the dislocation network. In the first case chemical climb is the pump producing Mg2+ vacancies and holes, whereas in the second the surface growth provides the driving force. The results would be equivalent provided in the second case cation vacancies are pumped into the crystal along edge dislocation segments.
This chemical model for the formation of filamentary semiconducting inclusions is of course speculative and needs to be tested experimentally. Obviously, more studies of the effect of dislocation density on the kinetics of formation (and removal) of inclusions are needed. We believe such studies will be richly rewarded since they should give insights into the general problem of oxidation reactions in refractory oxides.
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Question. -R. CAPELLETTI. Just a comment. We have seen analogous depolarization peaks related to dislocations decorated by impurities and vacancies in alkali halides. The peaks were deeply affected in amplitude and position by deformation; similar behaviour should be expected for your peak in MgO : Li.
cations can obviously be important for pipe diffusion from the surface but the dislocation density would have to be -1010/cm2 to play a role in dispersion of Li from the precipitates. We believe that the cylindrical semiconducting inclusions are formed remote from the precipitate particles by rapidly migrating interstitial Li' ions. Therefore, there is no direct connection between dislocation density required and the concentration of precipitate particles in our model. 2) By annealing you change the number of charge carriers. There exist in some ionic crystals first order kinetics peaks due to a crystal-electrode interface polarization of the Maxwell-Wagner type by blocked mobile defects Tma, which shifts with a changing defect concentration (e.g. KRUZE Reply. -J. H. CRAWFORD. 1) Yes, but only in the static air anneals. The peak broadens appreciably and shifts to lower temperature.
2) We believe that the shift in the peak is associated with a fragmentation of the cylindrical inclusions along dislocations in the situation where there is insufficient oxygen to sustain them.
